Search for the process e+e−→η′(958) with the CMD-3 detector  by Akhmetshin, R.R. et al.
Physics Letters B 740 (2015) 273–277Contents lists available at ScienceDirect
Physics Letters B
www.elsevier.com/locate/physletb
Search for the process e+e− → η′(958) with the CMD-3 detector
R.R. Akhmetshin a,b, A.V. Anisenkov a,b, V.M. Aulchenko a,b, V.Sh. Banzarov a, 
N.S. Bashtovoy a, D.E. Berkaev a,b, A.E. Bondar a,b, A.V. Bragin a, S.I. Eidelman a,b, 
D.A. Epifanov a,e, L.B. Epshteyn a,c, A.L. Erofeev a, G.V. Fedotovich a,b, S.E. Gayazov a,b, 
A.A. Grebenuk a,b, D.N. Grigoriev a,b,c, E.N. Gromov a, F.V. Ignatov a,b, S.V. Karpov a, 
V.F. Kazanin a,b, B.I. Khazin a,b,1, I.A. Koop a,b, O.A. Kovalenko a,b, A.N. Kozyrev a, 
E.A. Kozyrev a,b, P.P. Krokovny a,b, A.E. Kuzmenko a,b, A.S. Kuzmin a,b, I.B. Logashenko a,b, 
P.A. Lukin a,b, K.Yu. Mikhailov a, N.Yu. Muchnoi a,b, V.S. Okhapkin a, Yu.N. Pestov a, 
E.A. Perevedentsev a,b, A.S. Popov a,b, G.P. Razuvaev a,b, Yu.A. Rogovsky a, A.L. Romanov a, 
A.A. Ruban a, N.M. Ryskulov a, A.E. Ryzhenenkov a,b, V.E. Shebalin a,b, D.N. Shemyakin a,b, 
B.A. Shwartz a,b, D.B. Shwartz a,b, A.L. Sibidanov a,d, P.Yu. Shatunov a, Yu.M. Shatunov a, 
E.P. Solodov a,b,∗, V.M. Titov a, A.A. Talyshev a,b, A.I. Vorobiov a, Yu.V. Yudin a,b
a Budker Institute of Nuclear Physics, SB RAS, Novosibirsk, 630090, Russia
b Novosibirsk State University, Novosibirsk, 630090, Russia
c Novosibirsk State Technical University, Novosibirsk, 630092, Russia
d University of Sydney, School of Physics, Falkiner High Energy Physics, NSW 2006, Sydney, Australia
e University of Tokyo, Department of Physics, 7-3-1 Hongo, Bunkyo-ku, Tokyo, 113-0033, Japan
a r t i c l e i n f o a b s t r a c t
Article history:
Received 13 September 2014
Received in revised form 27 October 2014
Accepted 27 November 2014
Available online 3 December 2014
Editor: M. Doser
A search for the process e+e− → η′(958) in the π+π−η → π+π−γ γ ﬁnal state has been performed 
with the CMD-3 detector at the VEPP-2000 e+e− collider. Using an integrated luminosity of 2.69 pb−1
collected at the center-of-mass energy Ec.m. = 957.68 MeV we set an upper limit for the product of 
electronic width and branching fractions Γη′(958)→e+e− ·Bη′(958)→π+π−η ·Bη→γ γ < 0.00041 eV at 90% C.L.
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Direct production of C-even resonances in e+e− collisions is 
possible via a two-photon intermediate state. A search for direct 
production of the η′(958), f0(980), a0(980), f2(1270), f0(1300), 
and a2(1320) was performed with the ND detector at the VEPP-2M 
collider [1]. Only upper limits have been set, in particular, for the 
electronic width of the η′(958) a limit Γη′(958)→e+e− < 0.06 eV at 
90% C.L. has been obtained. In the unitarity limit, when both pho-
tons are assumed to be real, the branching fraction of the decay of 
the η′(958), denoted below as η′ , to an e+e− pair, Bη′→e+e− , can 
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0370-2693/© 2014 Published by Elsevier B.V. This is an open access article under the CCbe estimated using the two-photon branching fraction Bη′→γ γ =
0.0220 ± 0.0008 [2] and the expression from Refs. [3,4]
Bη′→e+e− = Bη′→γ γ α
2
2β
(
me
mη′
)2[
ln
(
1+ β
1− β
)]2
= (3.75± 0.14) × 10−11, (1)
where α is the ﬁne structure constant, me and mη′ are masses of 
electron and η′ , respectively, and β =
√
1− 4( memη′ )2. Using a total 
width of the η′ , Γη′ = 0.198 ±0.009 MeV [2], we obtain in the uni-
tarity limit Γη′→e+e− = (7.43 ± 0.29) × 10−6 eV. Photon virtuality 
and the η′ → γ γ transition form factor can signiﬁcantly enhance, 
by a factor of 5–10, the electronic width value, as discussed in 
Ref. [4].
An observation of the direct production of C-even resonances in 
e+e− collisions, and, in particular, of the reaction e+e− → η′(958),  BY license (http://creativecommons.org/licenses/by/3.0/). Funded by SCOAP3.
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could help to develop theoretical approaches to a photon-loop cal-
culation, which is a crucial point in the estimation of the hadronic 
light-by-light contribution [5,6] to the muon anomalous magnetic 
moment (g − 2) [7].
In this paper we report a search for the process e+e− →
η′(958) in the η′(958) → π+π−η → π+π−γ γ decay chain. The 
search is based on the 2.69 pb−1 of an integrated luminosity col-
lected with the CMD-3 detector at the center-of-mass (c.m.) energy 
of the VEPP-2000 collider [8,9] close to the nominal η′(958) mass: 
mη′ = 957.78 ± 0.06 MeV/c2 [2].
2. Detector and data taking conditions
The total width of the η′ is relatively small, and it is very im-
portant to have c.m. energy close to this value. The collider beam 
energy was continuously monitored during the whole period of 
data taking (12 days) using the Back-Scattering-Laser-Light system 
[10]. Fig. 1 shows measurements of the beam energy, Ebeam , which 
demonstrate relatively good stability of the collider energy. The av-
erage value of the c.m. energy is Eav.c.m. = 957.678±0.014 MeV with 
a few deviations of up to 0.2 MeV, corresponding to less than 5% of 
the integrated luminosity, which are still within an energy spread 
of the collider beams as shown below.
The beams of the collider have an energy spread mainly due 
to the quantum effects of the synchrotron radiation. The c.m. en-
ergy spread of the VEPP-2000 collider σEc.m. = 0.246 ± 0.030 MeV
is calculated according to Ref. [11] using a longitudinal distribu-
tion of the interaction region σZ = 2.3 cm and RF cavity voltage 
V cav = 18 kV. Full energy spread (FWHM = 0.590 MeV) is signif-
icantly larger than the width of η′ , as demonstrated in Fig. 2. 
A solid line in Fig. 2 shows a differential luminosity distribution 
dL/dE versus the c.m. collision energy, with an area normalized 
to the total integrated luminosity L = 2.69 pb−1. This distribu-
tion should be convolved with a Breit–Wigner (BW) function, de-
scribing the η′ line shape (the dotted line in Fig. 2). Radiation 
of photons by initial particles changes a collision energy and the 
BW should be additionally convolved with a radiator function de-
scribed in Ref. [12,13]. These radiative corrections decrease the 
number of signal events by approximately 40%. The area under the 
dashed line in Fig. 2 illustrates the “effective” integrated luminos-
ity for η′ production in our experiment in comparison with the 
total integrated luminosity under the solid line.
If we describe the η′ production cross section as
σ f (E) =
σ 0η′→ f m
2
η′Γ
2
η′
(m2 ′ − E2)2 + E2Γ 2′
, (2)η ηFig. 2. The luminosity distribution versus the c.m. energy (solid line) with an area 
normalized to the 2.69 pb−1 of integrated luminosity. The areas below the dotted 
and dashed lines illustrate an “effective” luminosity for the η′ BW and BW con-
volved with the radiator function, respectively.
where σ 0η′→ f is the peak cross section for the process e
+e− → η′
with η′ decay to the ﬁnal state f , we can calculate an integrated 
production cross section as
σ
f
int =
Ebeam∫
0
dE
1∫
0
1√
2πσEc.m.
e
− (Eav.c.m.−E)2
2σ2Ec.m. · F (x, E)
× σ f (E(1− x))dx, (3)
where F (x, E) is the radiator function [12,13], and x is a fraction 
of energy taken by photons. Using a relation
σ 0η′→ f Γη′ = 4π
C · Bη′→ f · Γη′→e+e−
m2η′
, (4)
where Bη′→ f is the branching fraction to the measured ﬁnal 
state f , and C = 3.89 · 1011 nbMeV2 is a conversion constant [2], 
we perform the integration of Eq. (3), and obtain σ fint = (6.38 ±
0.23) · Γη′→e+e− (eV) · Bη′→ f nb for our experimental conditions. 
The error in the coeﬃcient reﬂects uncertainty in the σEc.m. value 
due to variation of cavity voltage V cav, and uncertainty in the beam 
energy (Eav.c.m.) measurements, including energy instability accord-
ing to Fig. 1, weighted with the fraction of integrated luminosity 
during the energy shifts. Since the energy spread is signiﬁcantly 
larger than the total η′ width, the integrated cross section is pro-
portional to the product of the η′ electronic width and branching 
fraction to the measured ﬁnal state f , calculated as
Γη′→e+e− · Bη′→ f = N6.38 · 	 f · L (eV), (5)
where N is the number of observed signal events and 	 f is a de-
tection eﬃciency for the ﬁnal state f .
For the studied decay mode with Bη′→π+π−η = 0.429 [2], the 
calculated cross section for the unitarity limit of Γη′→e+e− is very 
small, σint ≈ 2 × 10−5 nb, and should be compared with the cross 
section of the single-photon reaction e+e− → π+π−η. The events 
of this process were observed only above Ec.m. > 1200 MeV and 
the energy dependence of the cross section was well described 
in the model where the ﬁnal state is produced via three inter-
fering resonances – ρ(770), ρ(1450) and ρ(1700), see for ex-
ample Ref. [19]. At Ec.m. = 958 MeV we obtain σe+e−→π+π−η =
(1.2 ± 0.6) × 10−3 nb with large uncertainty from the unknown 
interference phases between the ρ resonances extrapolating to the 
R.R. Akhmetshin et al. / Physics Letters B 740 (2015) 273–277 275Fig. 3. The χ2 distribution of events with two tracks and two photons for the e+e− → π+π−γ γ hypothesis for data (dots) and corresponding simulations (histograms), 
when the two-photon invariant mass is in the ±35 MeV/c2 window around the π0 mass (a) and in the ±35 MeV/c2 window around the η mass (b).region close to the threshold. This value is comparable or larger 
than the two-photon cross section σint with possible enhancement 
due to the form factor, and to prove signal observation a measure-
ment outside η′(958) mass is needed. Note that the η′ → π0π0η
decay mode is free from the single-photon physical background, 
and we plan to use it for such a study as well.
The general-purpose detector CMD-3 has been described in 
detail elsewhere [14]. Its tracking system consists of a cylindri-
cal drift chamber (DC) [15] and double-layer multiwire propor-
tional Z -chamber, both also used for a trigger, and both inside a 
thin (0.2X0) superconducting solenoid with a ﬁeld of 1.3 T. The 
liquid xenon (LXe) barrel calorimeter with 5.4X0 thickness has 
ﬁne electrode structure, providing 1–2 mm spatial resolution [16], 
and shares the cryostat vacuum volume with the superconducting 
solenoid. The barrel CsI crystal calorimeter [16] with a thickness 
of 8.1X0 is placed outside the LXe calorimeter, and the end-cap 
BGO calorimeter with a thickness of 13.4X0 is placed inside the 
solenoid [17]. The luminosity is measured using events of Bhabha 
scattering at large angles [18].
3. Selection of e+e− → π+π−γ γ events
Candidates for the process under study are required to have 
two good charged-particle tracks and two or more clusters in the 
calorimeters not related to tracks assumed to be photons. We use 
the following “good” track deﬁnition:
• A track contains more than ﬁve hits in the DC.
• A track momentum is larger than 40 MeV/c.
• A minimum distance from a track to the beam axis in the 
transverse plane is less than 0.5 cm.
• A minimum distance from a track to the center of the interac-
tion region along the beam axis Z is less than 10 cm.
• A track has a polar angle large enough to cross half of the DC 
radius.
Two tracks are required to have opposite charges and are assumed 
to be pions. The detected photons are required to have more than 
25 MeV energy deposition in the calorimeters. Reconstructed mo-
menta and angles of the detected charged tracks and energy and 
angles of two photons are subject to the kinematic ﬁt, assuming that the total energy is equal to Ec.m. and total momentum is equal 
to zero. The covariance matrices for charged tracks and photons 
are used in the ﬁt and provide a χ2 value for each event. If an 
event candidate has more than two photons, the photon pair with 
the smallest χ2 value is retained. As a result of the ﬁt, we obtain 
improved values of the momenta, energies and angles for all parti-
cles. The main contribution to the selected sample comes from the 
process e+e− → π+π−π0 → π+π−γ γ . We perform simulation 
of the processes e+e− → π+π−π0 and e+e− → η′ and apply all 
experimental conditions and selections to the simulated samples. 
We use the e+e− → π+π−π0 events to verify our simulation. 
Fig. 3(a) shows the χ2 distributions for the experimental (dots) 
and simulated e+e− → π+π−π0 (histogram) events when the in-
variant mass of the photon pair is in the ±35 MeV/c2 window 
around the π0 mass. A vertical arrow shows the applied selection. 
Fig. 3(b) presents the χ2 distributions for the event candidates, in 
which the invariant mass of the photon pair is in the ±35 MeV/c2
window around the η mass for data (points), and the simulated 
distribution for the process e+e− → η′ → π+π−η → π+π−γ γ
(histogram). The χ2 distributions for data and simulation for the 
π0 signal in Fig. 3(a) are in good agreement, and tighter selection 
shown by the vertical arrow in Fig. 3(b) changes the number of 
π+π−π0 signal events by 1% only. After this selection some can-
didate events for the process e+e− → η′ are observed.
Fig. 4(a) shows a scatter plot of the total energy deposi-
tion in the calorimeter, Etotal, versus two-photon invariant mass 
for selected experimental π+π−γ γ events. A clear signal of 
the π+π−π0 events is seen. Simulated events for the processes 
e+e− → π+π−π0 → π+π−γ γ and e+e− → η′ → π+π−η →
π+π−γ γ are shown in Fig. 4(b). The experimental sample con-
tains a relatively large number of background events from vari-
ous quantum electrodynamics processes, when scattered electron 
and positron are accompanied with a number of radiative pho-
tons. These processes leave signiﬁcant amount of energy in the 
calorimeter and can be effectively suppressed by requiring Etotal <
0.7 · Ec.m. (solid lines in Fig. 4), retaining 87% of signal events in 
good agreement with simulation.
We calculate the detection eﬃciency from the e+e− →
π+π−η → π+π−γ γ simulated events as a ratio of the number 
of events after selections described above to the total number of 
generated events and obtain 	 f = 31.1% for this ﬁnal state.
276 R.R. Akhmetshin et al. / Physics Letters B 740 (2015) 273–277Fig. 4. Scatter plot of the total energy deposition versus two-photon invariant mass for selected experimental π+π−γ γ events (a) and simulated π+π−π0 → π+π−γ γ
and η′ → π+π−η → π+π−γ γ events (b). Solid lines show applied selection.Fig. 5. Projection plot of Fig. 4 after the applied cut on total energy. Dots are from 
data, the histogram shows invariant mass of two photons from the simulated pro-
cess e+e− → π+π−π0 → π+π−γ γ . The expanded view of the 450–650 MeV/c2
region is shown in the box with the signal shape of the process e+e− → η′ →
π+π−η → π+π−γ γ (histogram) expected from simulation, and expected level of 
background (line).
Using the signal from the process e+e− → π+π−π0 →
π+π−γ γ , and taking into account 1% data-simulation corrections 
for charged tracks and 2% for the photons, we found that overall 
data-simulation discrepancy gives less than 5% uncertainty in the 
resulting eﬃciency for applied selections.
Fig. 5 shows a projection plot of Fig. 4(a) after the ap-
plied selections. Dots are for data, and the histogram shows 
the invariant mass of two photons from the simulated pro-
cess e+e− → π+π−π0 → π+π−γ γ . The expanded view of the 
450–650 MeV/c2 region is shown in the box with the shape of 
signal for the process e+e− → η′ → π+π−η → π+π−γ γ (his-
togram) obtained from the simulation. The line shows the expected 
level of background, obtained from the ﬁt of events in this re-
gion with a second-order polynomial function. We found no event 
candidates for this process in the signal region, and estimate the 
expected background of 1.0 ±0.5 events. We use a conservative es-
timate of the number of signal events as N < 2.0 at 90% C.L. using the Feldman–Cousins approach [20], assuming no observed events 
and expected background of 0.5 events.
Using Eq. (5) we obtain the result
Γη′→e+e−Bη′→π+π−ηBη→γ γ <
2.0
6.38 · 0.311 · 2690
= 0.00037 eV at 90% C.L.
After taking into account the systematic uncertainties on lumi-
nosity (2%), eﬃciency (5%), and beam energy instability (5%) we 
conservatively increase the upper limit by 12%:
Γη′→e+e−Bη′→π+π−ηBη→γ γ < 0.00041 eV at 90% C.L.
The decay rates of η′ → π+π−η and η → γ γ are relatively well 
known, and using the values from Ref. [2] we obtain Γη′→e+e− <
0.0024 eV at 90% C.L. Finally, from the total width of the η′
from Ref. [2] we calculate Bη′→e+e− < 1.2 × 10−8, that should be 
compared to the value from the ND experiment [1], Bη′→e+e− <
2.1 × 10−7 listed in the PDG tables [2]. The latter value was ob-
tained from the limit Γη′→e+e− < 0.06 eV and η′ width of about 
300 keV known at that time.
In our experiment we can also set a limit on the cross section 
for the process e+e− → π+π−η at Ec.m. = 957.7 MeV, which is 
found to be σ(e+e− → π+π−η) = N/(	π+π−ηL) < 6.1 pb for 90 
C.L., where 	π+π−η = 	 f · Bη→γ γ = 0.122 is a detection eﬃciency 
for this process.
4. Conclusion
We search for direct production of the C-even η′(958) meson in 
e+e− collisions. A special experimental run of the VEPP-2000 col-
lider was performed at the c.m. energy close to the η′ mass with a 
2.69 pb−1 integrated luminosity. We found no event candidates for 
the process e+e− → η′(958) → π+π−η → π+π−γ γ and obtain 
the upper limit for the product Γη′(958)→e+e−Bη′→π+π−ηBη→γ γ <
0.00041 eV. This limit is ten times lower compared to the previous 
measurement [1].
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